mixed and only partially successful in achieving desired outcomes. To improve effectiveness and reduce 10 high costs, multi-criteria decision analysis (MCDA) can help support decision-making and determine the 11 most effective management action. Although MCDA has great potential for evaluating policy measures, it 12 rarely considers the context-dependency of species responses to management practices across different 13 landscapes. Landscape simulations can, therefore, be valuable for reducing the uncertainties when predicting 14 the consequences of management actions. A potential suitable simulation system is the A n i m a l , L a n d s c a p e , 15 a n d M a n S i m u l a t i o n S y s t e m (ALMaSS), a mechanistic simulation with can improve MCDA with the 16 automatic integration of a species ecology and behaviour and landscape context. The aim of this study was to 17 demonstrate the effectiveness of ALMaSS in evaluating AES management practices across different 18 landscapes and estimate their ability to achieve the proposed conservation outcomes of three typical species 19 of conservation interest. In this study, the effect of a particular management strategy on a species was 20 dependent on the landscape context, in our case, a combination of landscape structure and the type and 21 distribution of farms, and varied depending on the metrics being measured. Although we did not aim to make 22 recommendations of particular management strategies, we demonstrate how simulations can be used for 23 Although the success of any management action will depend upon the goal of management or the 43 policy implemented and the metrics used, there are often multiple objectives, and balancing these with 44 limited budgets can be difficult. Fortunately, AES is adaptive and continually revised, allowing for the 45 refinement of techniques and strategies. One such new approach has been multi-criteria decision analysis 46 (MCDA), a knowledge synthesis methodology which explores potential outcomes of multiple actions 47 5 cost-effective solutions in endangered grassland biodiversity (Sturm et al., 2018) . However, the wider 101 application of simulation models for policy analysis has been slow due to the conventional use of monitoring 102 and experimental approaches (Parry et al., 2013) . For simulation models to be useful as a method to evaluate 103 policy measures, it needs both depth, in terms of detailed mechanistic representation capable of capturing the 104 spatiotemporal interactions common in ecological systems; and breadth, to cover the geographic areas where 105 the policy might be applied. 106
Introduction
A potential suitable simulation system for evaluating management policy is the The aim of this study was to demonstrate the effectiveness of ALMaSS in MCDA by evaluating 121 typical AES management practices in different landscapes and estimate their ability to achieve the proposed 122 conservation outcomes. We determined the benefits of common in-field management strategies for wildlife 123 management of three typical species of interest in agricultural systems in terms of economic return per unit 124 area and assessed the degree to which the return was dependent on landscape-context. 
Landscape model 140
The landscape model provides the environmental context for the animal models. It is a 141 comprehensive environmental simulator with 1-m 2 resolution and habitats represented by polygons. There 142 are a total of ten different landscapes representing both farmed and non-farmed habitats, with farms being 143 comprised of fields and designated a farm type. This farm type determines the types of crops that are grown, 144 their area coverage, and type of management (see Topping et al., 2016) . 145
In-field management 146
For the landscape model, we assessed six types of common in-field management: 147
• Grassy field boundaries (10m wide) with 100%, 50% and 25% of fields applying them (assumed to be 148 cut once in late autumn, October-November) 149 7
• Mown field boundaries, in 10m, 5m and 1m widths with 100% of fields applying them (assumed to be 150 cut in May and September) 151
• Rotational set-aside at 9% by area for pig, arable and mixed rotations 152
• The addition of field beans to the rotation at 9% by area for pig, arable, and mixed rotations 153
• Conversion of 25% of conventional farms to organic farms of the same base type 154
• Unsown patches 155
The methods for including these in the landscape model differed depending on the type of management. 156
Field boundaries (FB) were created automatically by selecting the fields where these were to be added based 157 on a minimum size (1-ha) and probability (25, 50 or 100%). The boundary was then drawn around the inside 158 of the field removing area from the field. The algorithm for drawing used a pixel-by-pixel stepping method 159 to add rings of 1-m at a time. As a result, complex field shapes sometimes result in failure of the algorithm 160 and failure to add a complete field boundary. Therefore, in the scenario results we use the area covered not 161 the nominal allocation rate for analysis. 162
Set-aside and field beans were added by including them in the rotation for each farm type such that each 163 farm had 9% of the area under rotational set-aside or field beans. Rotations were assumed to be 110 crops 164 long with the extra 10 (set-aside or field beans) being sensibly placed in the rotation. For field beans, left in 165 the field until the following year, it was important that the following crop was a spring crop with no autumn 166 activities. In this case, spring barley was used to always follow beans. 167
Unsown patches, also known as skylark scrapes, were added as a management feature to all spring barley 168 and winter-wheat crops grown to maturity (Topping et al., 2013). Thus, whenever a field had these crops 169 present it was also assumed to have skylark scrapes. 170
Management cost 171
In order to make decisions regarding the optimal use of management, it is important to know how 172 expensive a management is in terms of economic cost to the farmer, and in terms of practical difficulty. This 173 was achieved by making the assumption that three components were important: the proportion of farm area, 174 8 the difficulty of the extra machinery cost, and the economic return on the area. The cost index used was 175 calculated as the product of these three metrics (Table 1) . For the purpose of this study, the cost indices 176 created is quite arbitrary, because recommendations of particular management strategies is not the aim of this 177
paper. Rather we aim to demonstrate how simulation can be used to select between management strategies 178 with different costs. 179 Table 1 : Management strategies and associated cost index assumed for this study based on the product of the 180 area, difficulty and economic effect. Area is in proportion of farmed area; difficulty in extra machinery costs 181 with normal costs being 1.0; and economic effect being an area effect relative to a typical crop. 
Simulation runs 221
Each unique combination of the 10 landscapes, 13 management scenarios, and the three species were 222 simulated to create a total of 130 conditions per species. The simulations for each condition were replicated 223 20 times for each species and mean responses to population changes were calculated in terms of animal 224 density. All scenario runs were for 30 years, with the data analysed based on the mean result of the last 10 225 years of simulation. To prevent any long-term weather changes influencing the results, weather data were 226 obtained from central Jutland from 1990-1999 and looped three times in the simulations. 227
Multi-criteria decision making 228
To implement decision making, clear management goals in terms of both effects and resources 229 required are important. Although there is no single way to determine what management options should be 230 undertaken for wildlife impacts and farm management, two extreme approaches might be to maximise 231 impact or minimise costs. Therefore, for this exercise, we assumed we want to achieve three arbitrary goals 232 whilst minimising costs: i) ensuring we have a minimum of eight adult female hares within km -2 ; ii) avoiding 233 negative impacts on skylark populations of >5%; and iii) increasing beetle numbers by 20%. In order to carry 234 out a management evaluation, the costs of management changes were considered together with the 235 environmental impacts. General costs were calculated for each management using a common metric and 236 used to filter management results. 237
Results

238
Simulation 239
The baseline densities prior to management varied across landscapes and exhibited different patterns 240 between the three species (Fig. 1) . In nearly all cases, the populations of all three species were extant during 241 the last 10 years of simulation. However, long-term declines were evident for hares in Mors, Toftlund and 242
Karup landscapes (Fig. 1) . Mean 10-year population densities of all three species were predicted to vary 243 considerably amongst landscapes (Fig. 1) . 244 245 Figure 1 . Densities of hares, beetles and skylarks in baseline scenarios for all 10 landscapes considered. 246 *Beetles scaled by 1000. X-axis codes refer to different landscapes: Esb. = Esbjerg, Him. = Himmerland, 247
Kar.=Karup, Kol. = Kolind, Lol.=Lolland, Mors=Mors, Naes.=Naestved, Tof.=Toftlund, Tøn.=Tønder. 248
The relative impact of any one given management for all three species varies depending on the 249 landscape context (Figure 2 ). The impact in hares was inversely related to the baseline density for most 250 management, but there was still considerable variation (Figure 2a) . For the other species there was no clear 251 density relationship and the pattern of management varies between landscapes and management strategies to 252 a greater extent than the hare (Figure 2) . In skylark populations, 10 m mown had negative impacts across all 253 landscapes, especially in Esbjerg, Karup, and Kolind (Fig. 2b) . However, skylark scrapes were more positive 254 than other management strategies on skylark (Fig. 2b) . In 9 out of 10 cases this management was the most 255 beneficial for skylarks, but in the case of Karup landscape, dominated by potato farmers, the impact was 256 negative (Fig. 2b) . The impact of 10m field boundaries and 9% field beans had positive impacts on beetles, 257 especially in half the landscapes with a proportion change of more than 0.3 (Fig. 2b) . Table 2 ). If 272 fewer constraints were applied, the number of management strategies that can be used to satisfy these 273 constraints increases from 29 for all three species to a maximum of 99 for only skylark constraints (Table 2) , 274 with the mean costs also decreasing (Figure 3) . The 10m field boundaries was the only one that provided 275 consistently good results with all the species combined, but it is expensive in terms of area (Figure 3a,b,c) . 276
At the other end of the extreme, doing nothing (zero cost) satisfied only four conditions when hare was a 277 constraint ( Figure 3a,b,c,g ), but satisfied nearly all the conditions for skylark and skylark with beetle ( Figure  278 3e,f). Compared to the hare only constraint, the beetle only constraint had lower conditions satisfied with 279 only 43 out of 130 (mean 4.3, range 1-7) (Figure 3d ) and a cost of -0.025 (Table 2) . A skylark only constraint 280 had the most conditions satisfied with 99 out of 130 (mean 4.3, range 6-13) (Figure 3e ) and a cost of zero 281 (Table 2) , with the baseline producing the best strategy in every single landscape (Figure 3e 
Discussion
290
The major outcome of this study is that results were context-dependent in terms of landscape, 291 management, and species responses. All the management strategies tested could be used to achieve a subset 292 of the management goals. Although addition of a 10 metre unmanaged field margin was the most 293 ubiquitously successful management, the impact was highly dependent on landscape for hare and beetle. It is 294 already understood that the precise effects obtained from management measures will be dependent upon the 295 context in which it is applied. For instance, the use of beetle banks to support game-bird populations as a 296 secondary effect of their main function for pest control will only work effectively in areas where game bird 297 resource levels are low, and will not substitute for margins specifically designed for game birds (Thomas et 298 al., 2001). Similarly, provision of habitat or limiting food resources will only benefit rare and declining 299 species in landscapes, where these species still have relict populations (Kleijn et al., 2006) . Nearly all 300 management actions will also be more effective in simple agricultural landscapes compared to complex 301 biodiversity-rich landscapes, which will result in little to enhance the ecological processes already present 302 that management, such as frequent cutting, may be effective in maximizing the benefits for foraging birds by 315
